The average length of time water remains within the boundaries of an aquatic system is one of the key parameters controlling the system's biogeochemical behavior. This time scale, which is generally referred to as the hydraulic residence time, provides a first order description of multiple and complex processes that create transport. This manuscript reviews the procedures to estimate transport time scales in reservoirs and explores, through the analysis of numerical simulations, the links between these time scales and the underlying hydrodynamic processes in a reservoir in North-Eastern Spain. The mean residence time scales undergo dramatic variations in time and in general, are comparable to the time scales of the systems' variability itself, such as those associated with seasonal changes in stratification, allowing complex patterns of intermittent mixing events to determine residence time scales. We demonstrate that the temporal variations of mean residence times occur not only at seasonal time scales, but also at shorter scales. The time scales are closely related to mixing and transport processes occurring within the reservoir, at the inflow sections and at the watershed.
Introduction
The biogeochemical behavior of aquatic ecosystems depends, to a large extent, on the physical processes of transport and mixing that occur within them. These processes not only determine the spatial location of dissolved and suspended substances at any given instant in time, but they also dictate the environmental conditions that control the occurrence of biogeochemical processes. A first order description of mixing and transport processes occurring in aquatic systems is expressed as 'residence time' or 'flushing time', which are conceived as measures of water-mass retention within defined boundaries. Aquatic scientists often estimate retention time and compare it to time scales of inputs or biogeochemical processes to calculate mass balances or understand dynamics of populations and chemical properties. It has been proposed in the litera-ture to explain a range of water quality phenomena such as the variability in lake eutrophication processes, thermal stratification, isotopic composition, alkalinity, dissolved organic carbon concentration, elemental ratios of heavy metals and nutrients, mineralization rates of organic matter and primary production (Monsen et al., 2002; Ambrosetti et al., 2003) . The experiments of Fussman et al. (2000) go further, suggesting that the retention time is a key parameter controlling the structure of aquatic ecosystems and the extent that these systems are self-organized or dominated by exogenous influences. The key role played by transport time scales in the biogeochemistry of aquatic systems has also been lately acknowledged by policy makers in Europe. The Water Framework Directive (WFD-EU, 2000) considers water quality in its widest and 'ecological' sense and requires that a wide range of biological, hydromorphological and physico-chemical quality elements (QE) be evaluated to determine the water quality status of water bodies. Water residence time is one of the hydromorphological QE that need to be evaluated to characterize water quality.
In spite of the biological and chemical implications of residence or flushing time scales there exists widely spread misconceptions and confusion among aquatic scientists on suitable methods for its determination (Monsen et al., 2002) . In some applications (e.g., Hecky et al., 1993; Den Heyer and Kalff, 1998) the computation of transport time has been done without specification of the underlying concept used. In other cases, the underlying concept and computational steps have been based on an idealized circumstance that is constrained by critical assumptions, but the validation (or even recognition) of those assumptions has not always been considered when applied to a real river, lake, reservoir or estuary (Monsen et al., 2002) . For example, a widely used expression to estimate the 'flushing' time in reservoirs (Foy, 1992; Sivadier et al., 1994; Straskraba et al., 1995) consists of dividing the volume of water V stored in the reservoir by the volumetric flow-rate Q:
Geyer et al. (2000) defined, instead, the flushing time as "the ratio of the mass of a scalar in a reservoir to the rate of renewal of the scalar", i.e.
where M is the mass of scalar within the system and F is the flux of the scalar through the domain. Both expressions are equal only if one presumes that the concentration of scalar in the through-flow is equal to the concentration everywhere within the system. This assumption is equivalent to considering that reservoirs act as idealized completely stirred tank reactors (CSTRs) (Levenspiel, 1999) , where any introduction of mass is instantaneously and evenly mixed throughout the domain. If one assumes that (1) a load of known mass is injected into a CSTR at (time) t = 0, resulting in an initial concentration C 0 , (2) no further mass is introduced after t = 0, and (3) both the flow and the volume of the CSTR remain constant over time, the concentration inside the CSTR C(t) is (Thomann and Mueller, 1987) :
In deep or moderately deep reservoirs the assumption of instantaneous mixing is not valid and complex heterogeneus patterns are usually found. Therefore, Eq. (1) is fundamentally incorrect. Stratification develops in the water column on seasonal time scales and imposes severe restrictions to water movements in the vertical direction. Furthermore, reservoirs are, in general, highly dynamic systems subject to seasonal and short-term variations in discharge rates Q coming in from the watersheds or leaving the reservoirs, or hence in stored volumes. Mediterranean reservoirs, in particular, experience large seasonal and inter-annual level fluctuations as a consequence of their hydrologic behavior characterized (1) by large variations in runoff volumes at the inter-annual scales, and (2) at the seasonal scales by random, scarce and large inflow events concentrated during the winter months together with high water demands (withdrawals) concentrated in the summer months. In highly dynamic systems (such as the Mediterranean reservoirs) it is not clear what values of Q or V should be entered in Eq. (1). Moreover, it is not clear at what temporal averaging scales (i.e. annual, monthly, bi-weekly) should Eq. (1) be valid. Hence, the estimate provided by Eq. (1) is not appropriate for this kind of systems (e.g. Pérez-Martínez et al., 1991) .
Alternative expressions proposed in the literature for T f in reservoirs subject to large level fluctuations are mostly-empirical expressions and not physically based (e.g. Toja, 1982) . Recently, the need of more accurate and realistic expressions to quantify residence time in lakes is forcing aquatic scientists to take into account a number of factors such as the timing of stratification, the depth of the thermocline and the variability of the inflows. This is the case of the simple continuous function developed by George and Hurley (2003) to calculate residence time in thermally stratified lakes. Here, we step ahead in this necessity taking into consideration transport and mixing processes occurring in the inflow sections of the reservoir to improve the calculation of water residence time.
In this work, we review the fundamental concepts of transport time scales in aquatic systems as they apply to reservoirs. The basic concepts on transport time scales and their application to coastal environments are laid out in the works of Zimmerman (1976) and Dronkers and Zimmerman (1982) . There, the most commonly used terms to measure the retention of water or scalar quantities transported in the water are carefully defined, and suitable experiments are presented to calculate the defined time scales, with examples for coastal environments. More recently, Monsen et al. (2002) describe the procedures used to calculate these time scales in idealized systems and show the pitfalls of such procedures when applied to natural systems. These issues are illustrated using depth-averaged numerical simulations in a tidal shallow lake in the Sacramento-San Joaquin River Delta. While Monsen et al. (2002) raise very interesting issues regarding the influences of (1) unsteady flow; (2) spatial variability of bathymetry, circulation and transport time scales; (3) tidal oscillations in the calculation of time scales, their objective is limited to a particular case in a coastal environment that they use to stimulate critical thinking. The literature on hydraulic residence time scales (e.g. Zimmerman, 1976; Dronkers and Zimmerman, 1982; Sanford et al., 1992; Hilton et al., 1998; Monsen et al., 2002) has focused on environments forced by energetic tidal oscillations. One of the few examples of work on retention times outside coastal environments is that of Rueda and Cowen (2005) , who study the links between transport processes and retention times in a freshwater embayment with negligible through-flow but connected to Lake Ontario through a permanent man-made channel. Here we have focused on water residence times in reservoirs, man-made lakes which in Mediterranean regions are not only the most common but probably the most important large freshwater bodies from an economic stand-point.
We present a physically based approach to determining retention time scales in reservoirs and use it (1) to reveal temporal patterns of variation in average retention times of river water and (2) to explore links between hydrodynamic processes and the transport time scales in Sau Reservoir (46 • 46 N-4 • 51 E). Sau Reservoir is a canyon type eutrophic reservoir located in North-Eastern Spain and is used here as a prototypical example of medium size man-made lakes. The approach for estimating retention times is based on a physically based transport model, and hence it is fundamentally correct. Not only it takes into consideration the effects of stratification on transport, but it is independent of the magnitude of level or discharge fluctuations. The limits of the applicability of our estimation approach are those same ones that limit the use of one-dimensional models in the analysis of transport processes in reservoirs. These limits are briefly reviewed in the Section 3. We focus on retention times of river water, but the same procedure proposed here could be used to study the retention time of water occupying any given position in the reservoir on any given day. Our goal is not to look at all possible combinations, but to study the physical processes involved in the determination of retention time. We use river water as a case of particular interest, as it holds a large nutrient concentration, to illustrate the retention time estimation procedure and to examine temporal variations in retention time scales within one particular year.
Background

Transport time scales: definitions
Any particle entering a freshwater water body for first time at time t 0 and at a location α will describe a trajectory x(α, t, t 0 ) and will leave the body at time t n . The time interval that a particle requires to cover its path from inlet to outlet (from time t 0 to t n ) is defined to be its transit time. The portion of the transit time between the time a particle arrives at a point within the system, x 0 (strictly speaking after arriving for the first time at x 0 , since a parcel may pass through x 0 more than once), and time t n is defined to be its residence time. The portion of the transit time between time t 0 and the time of first arrival at x 0 is defined as the particle's age. A second particle released at the same time t 0 and location α will most possibly describe a completely different trajectory x (α, t, t 0 ) and will have a different transit time, which points to the stochastic nature of the transport time scales. Given the potential for temporal unsteadiness of the system, along with chaotic advection, a particle's trajectory, and hence its transit time, residence time and age, are strong functions of its exact starting time t 0 and its exact starting location α. As a stochastic variable the residence time for a starting time t 0 and starting location α is characterized by its probability density function (pdf). This pdf is termed the residence time distribution (RTD). The RTD provides a first order description of transport in the aquatic system, and, as just argued, it will depend on α and, in the case of unsteady systems, on t 0 . A bulk or integrative description (with no spatial dependence) of the transport characteristics of a water body is also definable if instead of tracking particles occupying a singular location at t 0 , one tracks the ensemble of water parcels existing in the whole water body at t 0 . The probability density function of the residence time for the ensemble of water parcels is the flushing time distribution (FTD). In unsteady systems, this bulk time scale is also a function of t 0 .
Experimental characterization of the RTD and the FTD
To determine the RTD the following experiment is conducted: a certain amount of mass, m 0 , of a conservative tracer is injected at time t 0 and at location α. The time varying tracer mass, m(t), remaining in the water body is then monitored. This experiment is the same one as that presented in the introduction to illustrate the CSTR ideal reactor model. The quantity m(t) is found from the spatial integration of the measured concentration field within the water body, and its decline over time reflects the net rate at which tracer leaves the water body. If none of the tracer that leaves the system ever returns, the residence time of a tracer particle is the time it takes that particle to leave the water body, and the rate of mass loss as a function of time r(t) provides the RTD ϕ(t), e.g.
Eq. (4) shows that the RTD has unit of [T] −1 . The mean residence time, based on the first moment of r(t), can then be calculated as
If there is return of tracer from the outlet, or even potentially tracer leaving and returning through the inlet in flow reversing systems, m(t) does not reflect a unique composition of tracer particles and r(t) will not reflect the actual distribution of residence times, ϕ(t). However, the calculation of mean residence time based on r(t) is still valid Hilton et al. (1998) . For the estimation of a FTD for time t 0 the tracer is initially distributed uniformly throughout the system rather than being released at one single spatial location. The FTD will be calculated as in Eq. (4) and the mean flushing time as in Eq. (5).
For a CSTR with constant volume and through-flow (see Eq. (1)) the residence time distribution (Eq. (4)) has an exponential form. The mean residence time in CSTR models, calculated as in Eq. (5), is equal to the flushing time T f , and also the e-folding time, i.e. 37% (e −1 ) of the initial mass still remains in the system after t = T f . This suggests a possible characterization of flushing time scales in non-CSTR systems as the efolding time, i.e. the time that one needs to wait until the mass remaining in the system is 37% (e −1 ) of the total mass originally released.
Materials and methods
Study site
Sau Reservoir (Fig. 1) is the first one among a cascade of reservoirs situated in the central part of the river Ter. This river valley reservoir is approximately 18 km long and 1.3 km wide at its widest point close to the dam. The maximum volume held by the reservoir is 168 hm 3 , its maximum depth is ca. 75 m, and the area when full is approximately 580 ha. Three selective out- lets are available at the dam, with centerlines located at 384.6, 399.1 and 413.5 m above sea level. We refer to them as bottom, middle and surface outlets, respectively. Its 1523 km 2 watershed drains the southern hills of the Pyrenees and has a mixed snowfall-rainfall hydrologic regime. The average annual runoff entering the reservoir is 516 ± 234 hm 3 .
The records used here in the analysis of residence times in Sau Reservoir were collected in 2003 as part of a long-term monitoring program of its water quality funded by Aigües Ter-Llobregat Water Supply Facility (ATLL). The data set consists of daily records of meteorological variables (incoming short-wave solar radiation, incoming long-wave radiation, wind speed, air temperature and relative humidity) collected in situ by a meteorological station deployed on the lake shore (Fig. 2) , daily inflow, outflow and stored volumes (Fig. 3) , and 15 temperature and light profiles taken in the reservoir throughout the year. Light attenuation coefficients were derived from the 15 light profiles, using an exponential decay model for light measurements. Daily river water temperatures (T w ), which, to a large degree, determines the fate of river water in the reservoir, were estimated from air temperature (T a ) records using a regression equation developed by Armengol et al. (1999) from a total of 76 observations:
here n represents the day for which estimated/observed records correspond in the time series. The volume held in the reservoir, on average, during 2003 was 115 hm 3 . The volume of river water entered in the reservoir throughout the year was 563 hm 3 , and the volume of water withdrew was 572 hm 3 . All outflows were assumed to take place through the middle outlet (37 m above the bottom), as no information was provided by the water authorities. The theoretical flushing or residence time, assuming that Sau Reservoir behaves as a CSTR, is (Eq. (1)) approximately 74 days. This value will be used throughout this work for comparative purposes.
Residence time estimation: the transport model
To estimate the mean residence times in Sau Reservoir a series of conservative pulse tracer release experiments (as described above) were simulated using DYRESM (Imberger and Patterson, 1981) , a process-based one-dimensional model. DYRESM includes descriptions of mixing and transport processes associated with river inflow, natural or man-made outflows, diffusion in the hypolimnion and mixed-layer dynamics, and it is used to predict the variation of water temperature and salinity with depth and time. The model is free of calibration, which implies that the level of process description, including temporal and spatial scales in the model, is fundamentally correct (Hamilton and Schladow, 1997) . Moreover, the thermal structure of Sau Reservoir has been satisfactorily represented with DYRESM by Han et al. (2000) .
The model is based on the assumption of one dimensionality; that is, the variations in the vertical direction play a more important role than those in the horizontal direction. The 1D assumption is based on observations that the density stratification usually encountered in lakes and reservoirs inhibits vertical motions while horizontal variations in density are quickly relaxed by horizontal advection and convection. Horizontal exchanges generated by weak temperature gradients are communicated over several kilometres on time scales of less than a day, suggesting that the 1D model is suitable for simulations over daily time scales, and hence, for the analysis of transport time scales larger than several days. The results of the three-dimensional simulations of Rueda and Cowen (2005) seem to support the use of 1D models for the analysis of residence time scales in reservoirs. Rueda and Cowen (2005) revealed that mean residence times in freshwater systems exhibit much larger spatial variations in the vertical than in the horizontal direction. The vertical profile of Sau Reservoir in the 1D framework used in DYRESM is represented as a set of Lagrangian layers which are free to move vertically (advection), and to contract and expand in response to inflows, outflows and surface mass fluxes (precipitation and evaporation). The Lagrangian formulation avoids the need to calculate vertical velocities, greatly decreasing computational time and minimizing numerical diffusion Hamilton and Schladow (1997) . Each layer is homogeneous and property differences between layers represent the vertical distribution. Mixing is represented by amalgamation of layers.
The validity of the 1D assumption in Sau Reservoir was checked using a Lake number criterion, and the same hydrological, temperature and meteorological records used in the analysis of residence times (collected in 2003, see Sau Reservoir section above). The Lake number L N (Imberger and Patterson, 1990) is defined in terms of the stability of the stratification and the disturbing influence of the wind, the inflow momentum or the outflow. If L N is greater than one, the restoring force is greater than the disturbing force, and the density structure will be approximately horizontal. Hence, if L N is greater than one the 1D assumption is valid. In all of the 15 occasions when temperature profiles are available for Sau Reservoir L N > 1 (not shown). Hence, we deem the 1D assumption a valid approximation to analyze transport processes in this case.
Residence time estimation: tracer release experiments
Salinity in small concentrations (0.001 psu), so that it did not alter water density considerably, was used in DYRESM as a conservative tracer. The tracer release experiments consisted in releasing a pulse of known quantity of tracer in the river water on a given day of the first year of simulation and monitoring the mass flux of tracer through the outlets for the remaining length of time simulated. Using the mass flux information and knowing the amount of mass released at the start of the simulations, we reconstruct the RTD and estimate the mean residence time as the first moment of the RTD curve. The tracer releases were identified by the day of year when the release was done. Using the tracer released in the inflow section we are able to follow the fate of river water entering the reservoir on the day of the release. A total of 73 inflow releases (one every 5 days in 2003) were simulated. By changing the time of the release we were able to assess the temporal dependence of mean residence times of river water.
To simulate tracer transport experiments, DYRESM was forced with daily meteorological and hydrologic records collected in 2003 and shown in Figs. 2 and 3 . The 2003 records were stacked to create a synthetic 3-year long time series. The reason why we use multiyear simulations is that to be able to fully reconstruct (including its tail) the RTD involves calculating mass fluxes until the mass remaining in the system is negligible. By trial and error, we observed that once 95% of the mass originally releases had left the reservoir, the mean residence time estimate was correct. For most experiments, this was accomplished within the 3 years of simulation. In some of the experiments the tracer remains in the reservoir for more than a year. The light attenuation coefficient was fixed at η = 0.77, which is the average of the observed values of η during 2003. The drag coefficient of the stream bed, slope and stream half angle were taken from Han et al. (2000) . Water in the reservoir on day 1 of simulations (1 January 2003) was initially well-mixed having a temperature of 7.9 • C according to field observations.
Results and discussion
Comparison of simulated and observed temperature profiles
Simulated and observed temperature profiles are compared in Fig. 4 for to show that DYRESM performs reasonably well in representing the evolution of the thermal structure of Sau Reservoir. We did not conduct any calibration exercise, since this was beyond the scope of this work. Parameters such as the bottom drag coefficient, the constant mean annual light attenuation coefficient, or the mean albedo used in the model have uncertain values, and hence might cause changes in the simulation results (Han et al., 2000) . Moreover, there exist gaps in the information on water management operations, especially the withdrawal elevation that might considerably impact the quality of the simulation results (e.g. Han et al., 2000; Fontane and Labadie, 1981) . Our aim is not to calibrate the model but to use it as is, to illustrate the physical processes behind the residence times in reservoirs.
Mean residence time scales for river water: seasonal evolution
A total of 73 tracer river experiments were simulated in Sau Reservoir with releases once every 5 days (starting on day 5). The experiments are identified with a letter (R for river release) and a number, which defines the day of the release. The mean residence times T R calculated for each experiment is shown in Fig. 5 . The mass of tracer remaining in the reservoir at the end of the 3-year simulation is in all cases, but in two (R15 and R50), lower than 15%. Hence, T R values for R15 and R50 are not shown in Fig. 5 . For all other experiments, the values of T R shown are considered to be good estimates. Only these 71 'good' estimates are used here on. The equal weight average of the experimental T R estimates for 2003 is 74 days, which surprisingly is approximately equal to the theoretical CSTR value (76 days). However, the similarity of values is misleading. A better estimate of T R for a given year, in this case for 2003, T exp R (2003) can be calculated from the 71 experimental estimates as
where Q y2003 is the total inflow for year 2003, Q di the inflow volume entering the reservoir during days i-4 to i and T exp R (i) is the mean residence time for river water entering the reservoir on day i. The reason for doing an inflow-weighted-average is the following. Let us call P the population of water parcels having entered the river on a given year. The number of parcels entered during a day j is p j and their mean residence time is T Rj . p j is the proportional to the inflow volume and, hence, p x for a day x with large inflows will be larger than p y for a day y with negligible inflows. In the population P the number of parcels with T R = T Rx will, therefore, be larger than the number of parcels with T R = T Ry . Hence, to calculate an average T R value for the population P one needs to weight more the T R values obtained during periods of large inflow volumes. The inflow weighted average T R for 2003 obtained from the experimental results is 54 days. This estimate is almost 30% smaller than the theoretical CSTR value (76 days), which indicates that V/Q is not a correct estimate. Moreover, if we changed the withdrawal elevation and fixed it to 385 m (bottom outlet) during all the year, the value V/Q remains unchanged. By contrast, the average residence time for 2003 estimated with the numerical experiments changes. The inflow-weighted-average in this case is 65 days.
The standard deviation of the experimental T R estimates is approx. 74 days, almost equal to the equal weight average value, which indicates that there exist large sub-annual variations in residence times. Fig. 5 shows that the largest values of T R (T R ∼ 300 days) occur during the non-stratified period (the first 50 days in 2003). This means that water entering the reservoir during the winter period remains in it and stays over the next winter. In all other experiments the lake appears in the simulation as stratified (Fig. 4) and the values are at least three times smaller. Notice that T R for days 50 through 350 is shown on a different scale to reveal short-term sub-seasonal changes in the stratified period. T R shows abrupt variations at the sub-seasonal scales. For example, T R for R155-R170 is in the range from 100 to 120. Five days later, the river water will remain in the reservoir, on average 25 days, almost four times less. River water entering the reservoir on day 215 leaves almost immediately (T R ∼ 1 day), while if it enters 5 days later it will remain on average ∼50 days (experiment R220). To explain the variations experienced by T R we analyze the transport processes controlling the fate of the tracer in the reservoir, and the manner in which these processes interplay to produce the RTDs.
Transport processes of river water in the reservoir
As the streams enter a reservoir, it pushes stagnant lake water ahead of itself until buoyancy forces, due to the difference in temperature between reservoir and stream water, arrest the flow. At this point, the stream either flows over the reservoir surface, if the stream density is less, or plunges beneath the surface, if the river density is greater. Once submerged, the stream will flow down the drowned river valley, entraining ambient water, until reaching the level at which its density equals that of the reservoir (level of neutral buoyancy). At this level, the combined stream and entrained flow intrudes horizontally in the water column. If river water were marked with tracer, this intrusion would cause a spike in the vertical distribution of tracer concentration at the depth of neutral buoyancy. Thereafter, the evolution of the tracer concentration in the water column would be the result of vertical transport (diffusive and advective) processes.
The extent that advective or diffusive processes affect the transport of tracer in the reservoir will determine the shape of the RTD. Fig. 6 shows residence time distribution curves and color plots of tracer profile time series for two experiments: R5 and R60. In the color plots, the x-axis represents time, the y-axis elevation and the concentration of tracer (psu) is shown in color. The R5 curve (Fig. 6a) and, in general, all the RTD curves analyzed is formed by sequences of spikes or humps. Those humps correspond to periods of releases alternating with periods of no release (see Fig. 3 ). Hence, rather on the actual form of the RTDs we will focus on the envelope of the humps, the number of them, their magnitude and the length of time they appear since this reveals the type of transport processes that affect the distribution of tracer in the reservoir. The R5 curve has its first peak on day 2 after the release. Several humps follow with peak values of similar magnitude to the first one. The largest peak occurs on day 45 after the release, coinciding with an episode of large withdrawal rates (see the drop on water level in Fig. 6b ). There on the magnitude of the peaks decreases. The long tail of the RTD with peaks in the tracer flux time series extending for long periods of time corresponds to the behavior of diffusive systems. The tracer profile time series, shown in Fig. 6b , reveals that the tracer enters the surface layers and quickly mixes with reservoir water due to penetrative convective motions. In purely diffusive systems (real CSTR, for example) the RTD exhibits a rapid increase followed by a slow decay. The envelope of the R5 RTD does not exhibit this behavior, or the pure exponential decay as in the ideal CSTR model, in part due to the temporal changes in withdrawal rate, which in CSTR or purely diffusive systems does not exist. Large withdrawal rates involve increases in the mass flux, and hence, large peaks in the RTD.
The second RTD presented (Fig. 6c) is that of experiment R60. It has a unique hump with peak on day 25 after the release. The presence of a unique and sharp peak is a characteristic of purely advective systems (Levenspiel, 1999) . Fig. 6d shows that river water penetrates at z ∼ 53 m: 16 m above the outlet (z ∼ 37 m). The layer of river water remains un-mixed with reservoir water throughout the experiment, and is displaced downwards towards the outlet. The river water layer reaches the outlet after 25 days and is quickly evacuated from the reservoir. The vertical advective motions of layers are the result of inflow and outflow in and out of the reservoir. A layer above the outlet elevation will move down (towards the outlet) provided that the layers of water separating it from the outlet are being evacuated (see Fig. 7a and b) . The vertical advective velocity Fig. 7 . Vertical advection of horizontal layers by inflow and outflow processes as a function of (1) location of layer relative to outlet at time t 0 (marked with a horizontal black bar), and (2) the inflow outflow history after t 0 . The vertical solid arrow-like bars represent the vertical motion by advection. The solid dot represents the outflow location. The empty circles represent the inflow depth after t 0 , and their diameter represent the outflow rate.
will depend on the net rate at which water is being evacuated (i.e. outflow-inflow). This same layer above the outlet will move away from it (upwards) if water is being added bellow the layer at a larger rate than the water is being released through the outlet (Fig. 7c) . A layer below the outlet will only move upwards towards the outlet if water is added in deeper layers (Fig. 7d ). It will remain in its position if inflow water is added above it (Fig. 7e) . Hence, river water, entered in the reservoir as a layer at a given elevation on a given date, will be advected towards the outlet as long as any of the states as shown in Fig. 7a , b or d and occurs thereafter. If those states do not occur only mixing processes will be able to transport marked river water towards the outlet.
Factors controlling the residence time of river water
The fate of river water once it is placed in the water column in the water column is the result of the interplay between vertical advective motions (experiment R60) and the effects of mixing processes (experiment R5). The pathways of river water towards the outlet, either by advective and/or mixing processes, and hence the RTD and T R , will depend on:
(1) the height at which river water marked with tracer intrudes in the water column relative to the height of the outlet, (2) the height at which river water enters the water column after the release, and (3) the hydrologic history (inflow and outflow rates) after the release. Fig. 8 represents the mean residence time estimates T R for 11 out of the 71 experiments, as a function of the release dates. Fig. 8 also shows (middle frame) the intrusion height of the river water (measured from the bottom of the reservoir) compared with the height of the outlet (dashed line). The lowest frame in Fig. 8 shows the inflow and outflow volumes that entered/left the reservoir in the 30-day period following the release. The seasonal and intra-seasonal variability (at weekly and shorter scales), are related to changes in factors 1 through 3 above. Consider, for example, the residence times for day 120 through day 210 water. In all cases, river water penetrates in the water column above the outlet elevation. The outflow volumes are higher than the inflow volumes in all cases. Day 120 water intrudes at a higher elevation than day 210 water, and hence it takes longer to leave the reservoir (i.e. it has a larger mean residence time). On day 240, intrusion depth is the same as for day 210. However, the mean residence time is almost 50 times larger in R240 (117 days versus 3 days), since the net advective motion of the tracer layer following the release is away from the outlet. Following day 240, inflows are higher than outflows and inflow water is placed below day 240 intrusion depth. Hence, the tracer is displaced away from the outlet elevation.
Day 120 and day 60 water have the same intrusion height, similar hydrologic history, but their residence times are 98 and 24 days, respectively. The intrusion heights after the release, in both cases, are below the intrusion height on the release day. The difference in T R is related to the location of the intrusion layer relative to the surface, in this case, which determines the degree of mixing of river and reservoir water. Day 60 water pen- etrates almost 5 m below the free surface, and is not subject to mixing with overlaying water. River water remains as a thin layer that deepens by advection until it reaches the outlet elevation (see Fig. 9a ). Day 120, on the contrary, penetrates 3 m below the surface and is subject to mixing processes with overlaying reservoir water (Fig. 9b) . The most energetic mixing processes are driven by wind or by surface cooling, and hence the closer the river water is to the surface the higher is the probability that it experiences mixing with reservoir waters. Mixing processes in these cases increase the volume of water that containing tracer and, hence, the water volume that needs to be released to eliminate the tracer in the reservoir. The residence time distribution curve, hence, has a longer tail for day 120 release experiment than for day 60, and its mean residence time is larger too.
Mixing also can contribute to reducing the mean residence period of water. Day 50 release is an example where this effect is revealed. On day 50, the estimated river water temperature reaches its minimum at approximately 3 • C (not shown), and water penetrates to the deep portion of the reservoir (not shown) below the middle outlet. Given that the river does not bring colder water, day 50 water cannot reach the outlet elevation through vertical advection and will only reach the outlet elevation through mixing process. However, the meteorological forcing does not produce deep convective mixing in the reservoir. Hence, water entering on day 50 the reservoir will have a very long residence time. In fact, a very small fraction (<1%) of the river water entered on day 50 abandons the reservoir after almost 3 years of simulation. Let us consider now the effect of a deep mixing event in the winter of [2003] [2004] . This kind of events is able to homogenize the water column, and hence, the initial conditions after one such event are uniform temperature and tracer concentration. Hence we conduct an experiment in which salinity (the tracer) in the water column is uniform (a consequence of deep mixing) and river water salinity was always 0. This is the kind of experiment used to reconstruct the flushing time distribution curve and to determine the mean flushing time T f (see Background). After 3 years of simulation after complete winter mixing, 87% of the original mass had left the reservoir. The remaining 15% of the original mass remained in the deepest layers below the outlet elevation. The flushing time (the first moment of the FTD) for this experiment is approximately 78 days. Hence, the mean residence time for day 50 water, if deep mixing had occurred in the winter fol- Fig. 9 . Evolution of tracer concentration profiles in experiments R60 (frames, a-d) and R120 (frames, e-h). The dot marks the location of the outlet, and the dashed line shows the position of the free surface. Frames (a) and (e) mark the tracer profile on the day when river water intrusion occurs. The numbers on the upper right corner in all other frames show the day after the release for the corresponding profile. In experiment R120 the traced layer penetrates in the water column close to the free surface and is subject to mixing processes. The effect of mixing processes is revealed by dispersion in the concentration profiles. In experiment R60 the peak remains unchanged in its motion towards the outlet location. lowing its release, would have been these 78 days after complete mixing, plus 315 days that the tracer would have remained in the reservoir from its release until the occurrence of deep winter mixing. The residence time would be then approximately 393 days. The example discussed here (R50) demonstrates that the occurrence of deep mixing, whether it occurs or not and the frequency at which it does occur, determines the fate of deep water in the reservoir.
Conclusions
The residence time of river water in Sau Reservoir, taken as a protypical example of man-made lakes, is analyzed in this work. We present a physically based approach to determining retention time scales in reservoirs and use it (1) to reveal temporal patterns of variation in average retention times and (2) to explore links between hydrodynamic processes and the transport time scales in Sau Reservoir. The approach for estimating retention times, being based on a physically based transport model, is fundamentally correct and hence does not have limitations associated to changes in water level or unsteadiness in the system.
Our work reveals that the mean residence time of river water undergoes temporal changes at a range of scales, from seasonal to almost diurnal, associated to the complex interplay of transport processes that determine the fate of river water within the reservoir. The equal weight average value of T R for the 73 experiments conducted is similar to that obtained by dividing the average volume by the average through-flow, i.e. approx. 75 days. This similarity is, however, deceiving. The inflow weighted average value of T R , which we consider (as discussed in the Section 4) a more correct estimate of average yearly T R , is almost 30% less than the V/Q estimate (76 days). Also, by changing the withdrawal elevation the V/Q estimate does not change, but the average value of T R does: the weighted average T R for 2003 is 65 days.
The pathways followed by river water entering the reservoir on any given day t 0 from the inflow point to the outlet determine the value of T R , and are controlled by: (1) the transport and mixing processes that occur at the inflow section, which determine the elevation, relative to the outlet, at which river water penetrates in the reser-voir (intrusion layer) and (2) the interplay of advective and turbulent diffusion (mixing) processes which determine the vertical migration of the river water layer towards the outlet elevation. The most energetic mixing processes occur close to the surface, driven by wind or surface cooling, and hence the probability that mixing processes participate in determining the fate of river water in the reservoir will depend on the depth of intrusion. Vertical advection of any given layer formed by intrusion of river water on t 0 is the result of the net extraction of water separating the intrusion layer and the outlet, which depends on (1) the withdrawal history (withdrawal elevation, volume, etc.) and (2) the river water insertion history after t 0 . In this work, we have not considered changes in the withdrawal elevation. The inclusion of these operational changes would have modified the numerical estimates of residence time scales, by changing the thermal structure and the distance from intrusion depth to the outlet (e.g. Fontane and Labadie, 1981; Casamitjana et al., 2003) . However, the factors governing residence times under changing withdrawal elevations are the same described here. A simple exercise, which involved fixing the outlet elevation at 385 m, instead of 399 m reveals a 20% increase in the average T R estimates.
Residence time scales of river water in reservoirs cannot be estimated without careful consideration of transport and mixing processes occurring in the inflow sections of the reservoir, which determine the depth of intrusion. The fact that these processes depend on the river water density (water) and that the river water temperature is the result of transport processes acting at the watershed scale, suggests that the contributing watershed exerts controls on reservoir residence time scales not only through the definition of water mass fluxes into the lake but also through energy (temperature) fluxes. Cold and warm water (relative to the thermal structure of the lake) can have different transport histories, and hence different time scales. The release experiment on day 50, for example, shows that very cold water can remain in the reservoir for very long periods of time (larger than a year). Only the occurrence of episodic large mixing events (deep winter mixing or large inflow events during storms) will guarantee that cold river water will eventually leave the reservoir. The frequency and extent of those mixing events will hence control the residence time scales of cold river water entering the bottom of the reservoirs. It seems from our discussion that the analysis of residence time scales cannot be done with only morphometric or hydrologic information. The analysis also needs information on water temperature, which results from processes acting on the reservoir's contributing catchment, and atmospheric forcing acting on the free surface, which determines the thermal structure and the occurrence of large mixing events. This analysis should be done at long-enough temporal scales so as to include the inherent variability of hydrologic and meteorologic systems. All our conclusions are based on the analysis of tracer release experiments conducted in 1 year (2003) , and driven with data from only 1 year. However, our aim was limited to reveal severe limitations and inconsistencies in the use of Eq. (1) for the analysis of reservoir time scales, to explore the physical processes controlling the residence time in reservoir, and to show by means of examples how a physically based approach can be used to study temporal patterns in residence time estimations. As residence time is an important forcing function strongly influencing water quality in reservoirs (Jørgensen, 2003) , its correct calculation and simulation becomes a really valuable tool to improve water management, monitoring and modelling.
